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MAMMALS REQUIRE AN ADEQUATE supply of essential amino acids in their diets to grow and thrive. Deficiency in one or more essential amino acids in the diet of rodents results in anorexia and loss of body protein (25, 26) . It has been reported that detection of dietary deficiency takes place in the anterior pyriform cortex (3, 33) . In this area, it has been found that during feeding of an essential amino acid-deficient diet, a translation inhibition by tRNA activation of the eukaryotic initiation factor-2␣ kinase 4 (eIF2␣k4) occurs (22) . This kinase, termed general control nonderepressible 2 (GCN2) in yeast where it was described first, is activated under conditions of nutrient deprivation or UV irradiation (54) . In yeast, starvation of any single amino acid results in intracellular accumulation of uncharged tRNA, which binds to GCN2 on a domain homologous to His-tRNA synthetases. This binding event enhances the phosphorylation of eIF2␣. Whereas eIF2␣ phosphorylation serves to slow global rates of translation, at the same time, it enhances translation of the transcriptional activator, GCN4. Increased levels of GCN4 leads to induction of genes that encode amino acid biosynthetic enzymes and other related metabolic proteins in an attempt to correct for the nutritional deficiency (54) .
Animals fed these amino acid-deficient diets showed a significant depression in growth (25, 34, 42) . Growth is a complex process driven by nutrient availability and hormonal status and, at the molecular level, is essentially based on macromolecule synthesis. Anabolic reactions are expensive processes supported by cellular ATP. Cellular ATP is mainly obtained through oxidative phosphorylation at the mitochondrial level and secondarily through substrate level phosphorylation. Recent studies showed that the response to amino acid deficiency takes 15 min to develop [if previously fed a low threonine (Thr) diet; Refs. 22, 28] , but few data exist to understand biochemical changes related to bioenergetics at longer periods and in organs other than brain.
The goal of this study was to test whether the depression in body weight gain observed in animals fed diets deficient in one essential amino acid was associated with mitochondrial dysfunction. Diets deficient in one essential amino acid might result in a defective oxidative phosphorylation that could provide support for few cellular processes but not for all those required for an adequate body growth. To test this hypothesis, rats were fed diets deficient in one essential amino acid, Thr, and the functionality of mitochondria from two key tissues, liver (organ after intestine that is exposed to a dietary change) and heart (highly aerobic organ for which function depends on oxidative phosphorylation) were evaluated.
The novel aspects of this study are the following: 1) the effect of amino acid deficiency was tested in the whole animal as opposed to in vitro studies (i.e., cells in culture; e.g., Refs. 23, 41) , which abrogate organ cross talk and hormonal status; 2) the deficiency of an essential amino acid was tested using diets with 0.00, 0.18, 0.36, and 0.88% Thr (set at 0, 30, 60, and 140% of Thr requirement for growth). The 0.18 and 0.36% Thr diets were designed to minimize the severe anorectic effect of essential amino acid-devoid diets, thus overcoming the caloric restriction issue that has confounded most of the results obtained under certain experimental settings; 3) the diets supplied at least 80% or higher of all nutrients required for growth or maintenance (except Thr); and 4) mitochondria biochemistry was studied in two tissues (heart and liver) to evaluate whether a dietary restriction affected oxidative phosphorylation (the main source for cellular ATP).
MATERIALS AND METHODS
Chemicals and biochemicals. EDTA, EGTA, sodium succinate, mannitol, sucrose, HEPES, and BSA (fatty-acid free) were all purchased from Sigma (St. Louis, MO). Tris, glycine, sodium chloride, and potassium chloride were purchased from Fisher (Pittsburgh, PA). All other reagents were of analytical grade.
Animals and diets. The University of California Davis Animal Care and Use Committee approved the experiments described below. Male Sprague-Dawley rats (6-wk-old) weighing 180 -200 g or 14-wk-old weighing 360 -370 g were purchased from a commercial supplier (Harlan Sprague Dawley, Indianapolis, IN, except as noted). All cages were kept in a vivarium maintained at 22 Ϯ 1°C, with a 12:12-h light-dark cycle, following National Institutes of Health (NIH) guidelines for animal care and use. The lights were set to go out at 1900.
Cage maintenance was conducted during the light cycle to avoid interference with behavioral measurements.
Briefly, after arrival in our laboratory, 5-8 rats were fed a commercially available chow (Purina cat. no. 5001) or purified, amino acidbased, Thr-deficient diets. All diets, except chow, were manufactured in our laboratory using crystalline L-amino acids (Tables 1 and 2 ). The Thr-deficient diets provided other essential amino acids at ratios based on egg albumin (Table 1 ; Ref. 45) . Thr was set at 0, 30, 60, or 140% of the reported growth requirement in the 0.00, 0.18, 0.36, and 0.88% Thr diets, respectively (Table 2 ; Ref. 27a). Thr-deficient diets were formulated with appropriate energy density for growth and to provide protein and nitrogen at Ϯ25% of the requirement for growth (Table 3) . Over the testing period, the rats had free access to their food 24 h/day except when cage maintenance was conducted. Every day the rats were weighted to record body growth. At days 1, 3, 6, 9 , and 15, the rats were removed from their cages and taken to the surgery room, where they were euthanized with CO 2. The liver and heart were quickly removed from the rats, wet weights recorded, and rapidly homogenized for mitochondria isolation or amino acid analyses.
Food intake recordings. Rats were housed individually in hanging wire cages so that food intake could be recorded. Preweighed food cups containing the appropriate diet were placed in each cage. Rats housed in this way were fed the diets from start to euthanasia. Food intake was recorded on a digital balance (corrected for spillage) each day for the duration of the experiment.
Mitochondria isolation. Rat liver and heart mitochondria were isolated as previously described (14, 18) . Briefly, mitochondria were isolated by differential centrifugation followed by Percoll gradient purification. This procedure yielded intact mitochondria minimally contaminated with other subcellular compartments (17, 18) . Rats were anesthetized using a CO 2 chamber. The livers (and hearts) were quickly removed, washed with 0.22 M mannitol, 70 mM sucrose, 0.5 mM EGTA, 2 mM HEPES, 0.1% fatty acid-free BSA, pH 7.4 (buffer A), and homogenized in a 10:1 buffer to liver wet weight ratio. Large cell debris and nuclei were pelleted by centrifuging at 600 g for 5 min in a Sorvall refrigerated centrifuge. This supernatant was filtered through two layers of cheesecloth to remove fat. Mitochondria were pelleted by centrifuging the supernatant for 10 min at 10,300 g in the same centrifuge. After suspending the pellet in 5 ml of the previous buffer, the mitochondrial fraction was loaded on 20 ml of 30% (vol/vol) Percoll, 0.225 M mannitol, 1 mM EGTA, 25 mM HEPES, 0.1% defatted BSA, pH 7.4, and spun for 30 min at 95,000 g in a Beckman Ti-60 rotor. Mitochondria were collected from the lowest band and washed twice with buffer A by centrifuging 10 min at 6,300 g and finally washed using 0.15 M KCl. Mitochondrial pellets were gently suspended in a small volume of ice-cold buffer A. Purified mitochondria from homogenized livers or hearts were collected by differential centrifugation followed by Percoll gradient purification and multiple washes in MSHE buffer (220 mM D-mannitol, 70 mM sucrose, 0.5 mM EGTA, 2 mM HEPES, 0.1% fatty acid-free BSA). The resulting mitochondria were washed twice with 150 mM KCl. The final pellet was resuspended in MSHE. The KCl step is essential for the removal of catalase and other unspecifically bound proteins, which comes not only from tissue homogenization, but also from the lysis of red blood cells (14, 18) . Average yields of heart and liver Nitrogen (calculated) and protein contents were expressed in g/100 g diet. Caloric content was expressed in kcal/g diet. Numbers in parentheses represent a 0.88% Thr diet formulated to comply with the nitrogen and protein requirements for growth. See Thr-deficient diets depress body weight under RESULTS. mitochondria were 1.6 Ϯ 0.1 mg protein/g hearts and 13 Ϯ 1 mg/g livers, independently of the diets.
Oxygen consumption. The oxygen uptake of mitochondria was measured using a Clark-type O2 electrode from Hansatech (King's Lynn, United Kingdom) at 22°C (14, 18) . Intact, purified mitochondria were suspended in 1 ml (liver) or 0.5 ml (heart) of reaction buffer containing 0.225 M sucrose, 5 mM MgCl2, 20 mM KCl, 10 mM potassium phosphate, and 20 mM HEPES/KOH, pH 7.4, in the presence of 1 mM malate-10 mM glutamate (malate-glutamate), 2.5 mM malate-5 mM pyruvate (pyruvate), or 10 mM succinate as substrates and 0.45 mM ADP. The respiratory control ratio (RCR) was obtained by dividing the rate of oxygen consumption in State 3 (expressed as nanomoles of oxygen per minute per milligram of protein, obtained with a substrate and ADP) by that of State 4 (in the presence of a substrate without ADP; Refs. 8, 9) .
Amino acid analyses. Tissue samples (liver and liver mitochondria) were homogenized in 200 l of aqueous sulfosalicylic acid (3 g/100 g deionized water) spiked with 2.45 M L-␥-amino-n-butyric acid as the internal standard. Each sample was then centrifuged at 14,000 g for 30 min at 4°C. All samples were processed for amino acid analysis using a commercially available kit [AccQ-Tag, Waters (10, 52) ]. Amino acids were visualized using HPLC with fluorescence detection. Serum samples were processed directly without the precipitation procedure.
Protein, lipid, and glycogen analyses. In all samples, protein concentrations were determined by use of the BCA protein assay kit. BSA was used to generate standard curves. For total liver lipid, a frozen piece of liver was homogenized with Folch reagent (32) . The organic layer was dried, and the lipid remaining on evaporation was weighted. Glycogen was evaluated as described in Ref. 37 .
Core body temperature. Core body temperature was measured in all animals between 9 and 10 AM using a digital rectal probe.
Mitochondria number per cell. The relative amounts of liver mitochondria in rats were determined using a quantitative real-time PCR (QRTPCR) method described by Wong and Cortopassi (56) and modified for our experiments as follows. The targeted genes were the single-copy nuclear pyruvate kinase (PK) and mitochondrial cytochrome b (CYTB). Species-specific primers were selected using the Oligo 6.0 software (MedProbe). Rat primers for PK were: forward 5Ј-act ggc cgg tgt cat agt ga-3Ј; reverse 5Ј-tgt tga cca gcc gta tgg ata-3Ј. Primers for CYTB were: forward 5Ј-cac cca cat ctg ccg aga c-3Ј; reverse 5Ј-aat gcg aag aag cgt gtt a-3Ј. Genomic DNA was extracted from 10 mg of liver with the QIAamp DNA Micro Kit (Qiagen). Each DNA concentration was determined by duplicate measurements of the absorbance at 260 nm. DNA was diluted to 50 ng/l and served as stock DNA template for QRTPCR. This assay was performed in a Mastercycler ep realplex thermocycler (Eppendorf, Westbury, NY) with 9 l of master mixture (2.5ϫ RealMasterMix; Eppendorf) containing: 20 milliunits (mU)/l HotMaster Taq DNA Polymerase; 4 mM magnesium acetate; 0.4 mM dNTPs with dUTP, and SYBR Green I; 0.3 M each of the forward and reverse primers; 5 l of the DNA template (50, 5, 0.5, 0.05, and 0.005 ng/l); and water in a final volume of 20 l. The same DNA template dilutions were used for both nuclear (nDNA) and mitochondrial (mtDNA) DNA amplification. The reaction was conducted as follows: 1 cycle of initial template denaturation for 2 min at 94°C, followed by 15 s of denaturation at 94°C, 30 cycles of annealing at 60°C, and 30 s of extension at 68°C for 40 cycles. At the end of the amplification process, melting curves were analyzed between 60 and 95°C (temperature transition of 0.1°C/s) with continuous fluorescence monitoring to control for the absence of nonspecific products. The cycle threshold was designated as Ct. Each sample was analyzed in duplicate. The corresponding real-time PCR efficiencies for each mitochondrial and nuclear gene amplification were calculated according to the equation E ϭ 10 (Ϫ1/slope) Ϫ 1 according to the Mastercycler ep manual.
Relative mitochondrial gene copy number to nuclear gene copy number was assessed by a comparative Ct method using the equation ⌬Ct mitochondria/nuclear ϭ Ctmitochondria Ϫ Ctnuclear. The fold change relative to control animals (4-wk-old on 0.88% Thr) was calculated using the equation 2^(Ϫ⌬⌬Ct mitochondria/nuclear), where ⌬⌬Ctmitochondria/nuclear ϭ mean ⌬Ctmitochondria/nuclear of the control animals Ϫ ⌬Ctmitochondria/nuclear of each animal from different dietary groups.
RNA quantification. Total RNA was isolated from liver with TRIzol (Invitrogen) and treated with RNase-free DNase (Ambion) to remove any contaminating genomic DNA. First-strand cDNA synthesis was performed using oligo(dT) primers (Invitrogen). Real-time PCR reactions were performed on the Eppendorf MasterCycler realtime detection system using SYBR Green. Each assay included (in triplicates) a standard curve of five serial dilution points of control cDNA (ranging from 100 ng to 100 pg), a no template control, and 25-50 ng of each sample cDNA. The relative concentrations of the endogenous controls hypoxanthine phosphoribosyltransferase (HPRT) and uncoupling protein-1 (UCP-1) were determined by plotting the cycle threshold (Ct) vs. the log of the serial dilution points, and the relative expression of gene of interest was determined after normalizing to endogenous controls. Primers used for real-time PCR were as follows: HPRT (forward 5Ј-gctggtgaaaaggacctct-3Ј; reverse 5Ј-cacaggactagaacacctgc-3Ј); UCP-1 (forward 5Ј-gggcccttgtaaacaacaaa; reverse 5Ј-gtcggtccttccttggtgta-3Ј).
Statistical analyses. Data were analyzed using ANOVA, and results were expressed as means Ϯ SE except as noted.
RESULTS
Thr-deficient diets depress body weight. Rats (6 wk old) were fed diets with 0, 0.18, 0.36, and 0.88% Thr to provide 0, 30, 60, and 140% of the Thr requirement for growth (Table 2) . For comparison purposes, a group of rats was also fed a commercially available chow (Purina cat. no. 5001; Table 3 ). The body weight of rats fed the various diets was assessed daily (Fig. 1A) . The average daily food intake and weight gain of rats fed a commercial chow (0.91% Thr) or the 0.88% Thr diet was not significantly different (7-8 g weight gain per day; Fig. 1A ), indicating that the differences in protein and caloric content between these diets did not affect food intake behavior or growth response (1.3-fold higher protein content and 0.8-fold of the caloric content in chow vs. 0.88% Thr diet; Table  3 ). Furthermore, a 0.88% Thr diet formulated to comply with the nitrogen and protein requirements for growth (numbers between parentheses in Tables 1-3) did not differ significantly from chow or 0.88% Thr (data not shown). It could be argued that parameters obtained with amino acid-based diets could not be compared with those obtained with chow because of the differences in amino acid bioavailability (free amino acids vs. amino acids from corn or soy protein as in chow), digestibility, fiber contents, physical form of the diets (powder vs. chow pellets), or other potential factors (including ingredients inherently present in chow, e.g., plant pigments). However, parameters related to mitochondrial function (see below) from 0.88% Thr and chow were also not significantly different, indicating that a comparison between the diets is appropriate under our experimental conditions.
The daily weight gain of rats fed the 0.36 and 0.18% Thr diets was significantly depressed (weight gain, 4.2 and 0.35 g/day respectively; Fig. 1B ) compared with that of rats fed 0.88% Thr. Rats fed a Thr-devoid diet showed more profound weight gain depression (Ϫ2.5 g/day; Fig. 1B ). Daily weight gain increased proportionally with dietary Thr concentration, reaching a plateau at concentrations Ͼ0.6% Thr (Fig. 1B) . Of note, the inflexion point of this curve was at 0.57% Thr, value between the nutritional requirements for growth (NRG) from 1978 (0.50% Thr) and 1995 (0.62% Thr; Refs. 2, 27a). Thr-deficient diets decrease food intake. Rats fed chow or 0.88% Thr diet had comparable daily food intake (26 Ϯ 1 and 27.4 Ϯ 0.9 g/day), whereas rats fed the 0.18% Thr diet had, on average, an 84% (84 Ϯ 4%, mean Ϯ SD) of the food intake of rats fed the 0.36% Thr diet (Fig. 2) . The food intake of rats fed a 0.00% Thr diet was significantly depressed compared with all groups (in average 12 g/day vs. 18.4, 21.9, and 26 -27 g/day for the 0.18%, 0.36%, and 0.88% Thr or chow).
The lack of weight gain in rats fed Thr-deficient diets can be explained by the anorectic response, given that food ingestion is depressed in rats offered an amino acid-deficient diet (3, 26) . It has been shown that the rapid rejection of amino acid-decent diets corresponds to decreases in the level of the limiting indispensable amino acid in the anterior pyriform cortex of rats (3, 28) . The smaller depression in both food intake (see below) and weight gain values obtained in this study compared with those previously published can be explained by essentially three factors: 1) the age of the rats; 2) the protein selected to design the diet; and 3) the nutritional requirements for rat growth. We used 6-wk-old rats (180 Ϯ 20 g body wt) compared with other studies in which larger changes (30%) in food intake were observed with weanling (12) or 4-wk-old rats (100 Ϯ 10 g body wt) exposed to amino acid-imbalanced diets (3, 28) . The amino acid concentrations and ratios used in this study were based on egg protein, whereas those performed before were based on the casein amino acid composition and/or previous nutritional requirements (28, 34, 35) . Finally, the design of our diets was based on the current nutritional growth requirements in which the quantitative contribution of each amino acid is generally larger (23% in average) than those based on previous ones.
Thr-deficient diets affect significantly liver but not heart weights. Weights of liver and heart were obtained from rats fed the Thr-deficient diets. Liver wet weights, normalized per 100 g of body wt, showed a linear correlation with the daily weight gain (Fig. 3 , closed circles; r 2 ϭ 0.71). The daily 1 The reason for the difference in the requirements is based on the methods used to estimate them. Estimates reported earlier were based on significant differences between means by use of a multiple-range test, which produced values similar to results obtained with broken-stick models. Estimates calculated in this way will be lower than those made by the four-parameter logistical model and, as it was observed in the guinea pig, underestimated the requirement for indispensable amino acids by ϳ20% (2). body weight gain was significantly influenced by the liver weight, whereas the heart weight had minimal impact. Similar results were obtained from Sprague-Dawley rats in which liver and gut weights were significantly affected by the daily weight gain when fed different planes of nutrition, whereas heart and kidney showed almost no change (15) . In another study, liver and gastrocnemius muscle weights along with body weights were also significantly decreased in rats fed ad libitum Thrdevoid diets (50) .
The correlation between weight gain and liver weight did not change significantly when the liver weights were corrected by the weights of hydrated glycogen (assuming that water binds to dry glycogen weight per weight at a 2:1 ratio), indicating that the changes in liver weights were not significantly affected by different amounts of glycogen. In agreement with these observations, when the total protein, lipid, and glycogen contents of livers from rats fed the Thr-deficient diets were evaluated, protein and glycogen contents were not significantly different (when normalized per 100 g of liver dry weight; Table 4 ), whereas the lipid content decreased by 27%. This could be the result of an increased lipolysis, a decreased fatty acid synthesis or decreased formation of triacylglyceride deposits, or a combination of both processes. However, given that the diets provided appropriate amounts of fat to sustain adequate growth, it seems more likely that an increased use of fat has been developed in the livers of rats fed Thr-deficient diets.
The total liver protein concentration did not parallel the changes in mitochondrial protein (39% decrease) indicating that a general protein loss was not observed, in contrast to a loss in a specific compartment. Conversely, heart mitochondrial protein followed the lack of heart weight change with the daily body weight gain ( Fig. 3 and last column Table 4) .
Thr-deficient diets decrease liver mitochondrial coupling and alters mitochondria number. Surprisingly, if a simple calculation is made to determine the true energy intake (obtained from the food intake data) and compared with the "expected" energy intake to sustain growth or maintenance, it is evident that the energy intake is in excess of the need for growth or maintenance as Thr becomes limiting. 2 We reasoned that the excess of energy intake observed in rats fed the Thr-deficient diets could be the result of a less efficient use of energy, accompanied or not, by a decrease in the mitochondria number. To this end, we evaluated the ratio of mtDNA to nDNA and mitochondrial protein per gram of liver to estimate the mitochondria number per cell. These parameters indicated that the mitochondria number almost doubled on going from the growth to the maintenance phase (6-wk-old exhibited 47% of 14-wk-old for both parameters when compared with diets with 100% of the requirements for each phase; Fig. 4A ). During the same transition, the RCR increased by 3-fold (Fig. 4B) . This is indicative that under maintenance conditions there is a need for more OXPHOS capacity supported by more mitochondria with higher efficiency. On feeding the rats of either age group with the Thr-deficient diets, the mitochondria number decreased significantly, 4 and 1.6 times lower for younger and older rats fed the 0.00% Thr diet compared with the ones with 100% requirements (Fig. 4A) . These results indicated that younger rats under active growth rate are more susceptible to exhibit mitochondria changes with dietary changes than older rats. Probably the difference is based on the ability of older rats to access a larger pool of nonessential (because they are of bigger size and have less stringent nutrient requirements) proteins and replenish the endogenous Thr pool.
It could be hypothesized that the excess of energy intake (not used to increase body weight) observed with Thr-deficient diets could be dissipated by increasing mitochondrial uncoupling and releasing heat. If this excess of energy were diverted from oxidative phosphorylation to support heat production, then it can be calculated that the body temperature would have increased ϳ1°C. The body temperatures were experimentally evaluated in rats fed for 5 days the 0.18 and 0.89% Thr diets. Rats fed 0.89% Thr diet had a core body temperature of 97.1 Ϯ 0.2°F (n ϭ16), whereas those fed the 0.18% diet had a significantly different temperature (98.0 Ϯ 0.3°F; n ϭ 14; P Ͻ 0.05), accounting for an increase of 0.90 Ϯ 0.09°F. This could not be accounted for by increased thermogenesis due to higher levels of UCP-1 mRNA in Thr-deficient animals, which were similar to controls. The increase in body temperature is not surprising given that liver is one of the internal organs with the highest resting energy expenditure and, after adipose tissue, shows the greatest weight change with caloric restriction or with amino acid-imbalanced diets (Refs. 19, 20) and that 60 -70% of the resting energy expenditure are either mitochondrial processes or dependent on mitochondrial function (mitochondrial proton leak and Na ϩ -K ϩ -ATPase; Refs. 1, 43). The RCRs of purified liver mitochondria from each experimental group were evaluated to test for coupling between electron transport and oxidative phosphorylation. The RCR is usually used as an index of mitochondria coupling and functionality, spanning from a value of 1 for uncoupled mitochondria to values of 10 or higher (depending on substrates, tissues, and species) for highly coupled mitochondria. The rates were tested by using an NADH-linked substrate, malate-glutamate (Fig. 4B) , and an FADH-linked substrate, succinate (data not shown). Given that growing rats (i.e., 6 wk old) would be more prone to show this effect based on the higher need of ATP required to sustain the costly processes of macromolecule biosynthesis, we also obtained the RCR of liver mitochondria from 14-wk-old rats fed the same Thr-deficient diets (Fig. 4B ) because these rats were considered to be under maintenance conditions since their original body weight was already 360 Ϯ 10 g, and their daily average weight gain was 1.6 Ϯ 0.3 g/day, significantly lower than that obtained with the 4-wk-old (7-8 g/day; see before).
The RCR of liver mitochondria from 6-and 14-wk-old rats fed the Thr-deficient diets increased with dietary Thr (Fig. 4B) . This indicated that this correlation was not solely related to body weight gain but an adaptation to Thr deficiency that takes place regardless of the condition (growth or maintenance). Of note, under optimal supply of Thr for growth or maintenance, the RCR of 14-wk-old rats was threefold higher than that of 6-wk-old, suggesting that under maintenance conditions there is a need for a more efficient OXPHOS supported by mitochondria with higher RCR. From Fig. 4B , it can be concluded that as dietary Thr increased, liver mitochondria were more coupled and more efficient at producing ATP.
Thr-deficient diets significantly decrease State 3 respiration in liver.
A decrease in RCR could be the result of a decrease in State 3 (oxygen consumption with available substrate, oxygen, and ADP), increase in State 4 (oxygen consumption when ADP is limiting), or a combination of both. To evaluate these different scenarios, the individual rates of State 3 and 4 of rat liver mitochondria from rats fed the various Thr-deficient diets were evaluated with malate-glutamate, pyruvate, and succinate (Table 5 ). Our results indicated that the increase in uncoupling observed when going from 0.88% Thr (or chow) to 0.18% Thr was not the result of a significant change in State 4 respiration, succinate oxidase (Complex II 3 III 3 IV), or cytochrome oxidase (Complex IV) activities but a decline in NADH oxidase (47%; Table 5 ). Considering that NADH oxidase is constituted by Complexes I, III, and IV and that no changes were obtained with succinate oxidase, then it is surmised that the decrease in RCR was mainly attributed to a lower Complex I activity. Similar results were obtained with pyruvate-malate, another NAD-linked substrate, indicating that the decline in NADH oxidase activity did not show a substrate dependency.
When the diet was devoid of Thr, changes in all Complexes were observed (similar decline in NADH oxidase, 35% decline in succinate oxidase, and 18.5% decline in cytochrome oxi- Fig. 4 . Changes of mitochondria number and respiratory control ratio (RCR) of liver mitochondria with dietary Thr in 6-and 14-wk-old rats. A: the mitochondria number per cell was evaluated as described in MATERIALS AND METHODS. The numbers were expressed as percentage of the value obtained with the 14-wk-old rats fed the 0.36% Thr diet, which has 100% of the nutritional requirements for maintenance sustenance. B: the RCR of purified liver mitochondria was obtained with malate-glutamate. Six-week-old rats were fed on the 0.00, 0.03, 0.06, 0.13, 0.18, 0.36, and 0.88% Thr for 10 days; 14-wk-old rats were fed the same diets except the 0.88%. Table 5 ). Given that the hepatic mitochondrial proton leak was not altered (1-12 mo) or decreased (18 mo) in rats on a 40% caloric restriction diet (20) , it is suggested that the increase in State 4 and time course (5-9 days vs. mo) elicited by the 0.00% Thr diet cannot be attributed to the similar (40 -50%; Fig. 1 ) putative caloric restriction developed by the anorectic effect, in turn, triggered by the lack of this amino acid in the diet.
Thr-deficient diets do not induce changes in heart mitochondria. No changes (except at 0.00% Thr) in NADH oxidase, succinate oxidase, or cytochrome oxidase were observed in heart mitochondria. A 20 -30% decrease in NADH oxidase and succinate oxidase was observed when rats were fed the 0.00% Thr diet, decreases smaller than those observed with liver mitochondria (Table 5) .
Thr-deficient diets increase the excess energy. The association between RCR and energy efficiency was tested by plotting RCR values for both age groups at all Thr with the excess energy intake (expressed per body surface; Fig. 5) . 3 These energy values were obtained as the difference between the energy intake calculated with the experimental daily food intake and that calculated using the experimental daily weight gain (Ref. 27a and references therein). The excess energy intake values had a reciprocal correlation with RCR values (Fig. 5 ; r 2 ϭ 0.97) indicating that more mitochondrial uncoupling leads to an apparent excess of energy not destined to support weight gain.
DISCUSSION
When supplies of high-quality protein foods are insufficient, omnivores are at risk for essential amino acid deficiency. The choice of these foods has played an important role in human evolution (38) . Protein malnutrition is a worldwide problem still common today, for example, in the form of kwashiorkor in developed and underdeveloped regions (36, 40) . Combining protein sources with complementary essential amino acid patterns to maintain appropriate essential amino acid balance is a longstanding cultural practice that implies the existence of instinctive detection of essential amino acid deficiency in humans (6, 7) as well as in other mammals and species (16, 16a, 39) .
It is known that rats given a diet deficient or devoid of one essential amino acid will eat less of it than they will of a protein-free diet (26) . It is also known that if rats are force-fed a diet that lacks one essential amino acid they will develop pathological lesions and their survival will be shorter, whereas if they are allowed to eat ad libitum, their food intake will be depressed, no pathological lesions will develop, and they will survive longer (26, 48 -50) . Harper and Rogers (26) indicated that the depression of food intake that ensues from an amino acid-imbalanced diet is a protective mechanism designed not to exacerbate further the amino acid imbalance created by the deficiency.
In this study, we explored novel aspects of an essential amino acid deficiency: this effect was tested at various levels of Thr deficiency and in the whole animal allowing to evaluate organ cross talk and hormonal status, minimizing the anorectic effect due to essential amino acid deficiency (0.18 and 0.36% Thr diets). In addition, mitochondria biochemistry was studied in two tissues (heart and liver) to evaluate whether the dietary restriction affected oxidative phosphorylation, the main source for cellular ATP. In our study, we confirmed previous findings (depression of food intake and body weight gain) using Thrdeficient diets, except that a different, novel protective mechanism, triggered by a deficiency in one essential amino acid, was observed. Hepatic mitochondrial bioenergetics was affected by the Thr deficiency. The NADH oxidase activity declined with the severity of Thr deficiency, whereas succinate or cytochrome c oxidases were not affected unless no Thr was 3 Energy intake for growth based on food intake (kcal/day) ϭ food intake (g/day) ϫ 3.8 kcal/g diet; energy intake (kcal/dm 2 ) ϭ energy intake (kcal/ day) Ϭ body surface (dm 2 ); body surface (dm 2 ) ϭ 11.36 ϫ (body weight plus weight gain in kg) 0.67 . Energy intake for growth based on weight gain ϭ 128/(body weight plus weight gain in kg) 0.75 ϫ (body weight plus gain in g)/1,000, divided by the body surface calculated as indicated above.
Energy intake for maintenance based on body weights: use 64 instead of 128 in the equations indicated above and replace with corresponding experimental body weights. present in the diet. This situation suggests that a specific metabolic adaptation at the level of Complex I had occurred. In addition, the mitochondrial changes were specific for liver mitochondria, not observed in heart (unless Thr-devoid diets were used). Thus this response elicited a specific metabolic change (or adaptation) as opposed to a generalized response such as anorexia, and it is specific in terms of the targeted proteins within mitochondria and organs.
The availability of dietary Thr increased the efficiency of oxidative phosphorylation in liver. The advantage of this situation is that more ATP is provided to support growth and maintenance when high-quality protein food (or wealth of high-quality food in general) is available. Conversely, Thrdeficient diets (or low quality of protein food) promoted mitochondrial uncoupling in liver. Considering organs with a high rate of energy expenditure relative to their size, changes in size and metabolic rate of these tissues may have a substantial impact on maintenance requirements. In support of this observation, a significant decrease in liver weight (not heart) was found in rats exposed to Thr-deficient diets to decrease the energy expenditure when the anorectic response triggered by the amino acid deficiency has been established.
The introduction of hepatic uncoupling with an amino aciddeficient diet might seem counterintuitive, for it might be assumed that decreasing the food intake and the energy expenditure to match the lower caloric intake (and at the same time, minimizing the amino acid imbalance) might suffice without expecting changes in mitochondrial biochemistry. However, there are three clear advantages to the liver mitochondrial uncoupling: 1) it restricts the growth of liver (Fig. 3) , minimizing energy expenditure. Diets influence energy use through adaptation of high energy-expending internal organs [especially liver (29, 30) ]; 2) heat production increases with uncoupling in an attempt to overcome a lower body insulation (less fat deposits, increased lipolysis; see below), resulting in higher core body temperatures; and 3) it forces a dietary switch. With Thr-deficient diets, the use of NADH-linked substrates (e.g., malate-glutamate or pyruvate) was limited compared with that of FADH ones (e.g., succinate), even though the yield of oxidative phosphorylation is lower with the latter ones (P/O ratios of 2.5 vs. 1.5; Ref. 27). Evidently, fatty acid catabolism through ␤-oxidation falls in this category (glucose provides a 5:1 NADH-to-FADH ratio, essential amino acids in average 4:1, fatty acids 2:1; these numbers were calculated by using data from Ref. 53 assuming full oxidation to CO 2 and H 2 O). This switch in the diet would favor the use of fat as energy source, as evidenced by the lower lipid content of liver, producing ATP at a lower yield even when mild uncoupling conditions had been established. In addition, the use of fatty acids would spare the use of the limiting amino acid for protein synthesis when a low quality protein source is available and possibly decreases the first irreversible NADH-dependent step in the catabolism of amino acids in an attempt to minimize the deficiency. In this regard, most amino acid dehydrogenases exhibit product inhibition by NADH. 4 In rats fed diets ad libitum (no preconditioning), the anorectic response seemed to be the first event in the cascade of adaptations to diets devoid of one essential amino acid. However, in situations in which an intermediate amino acid deficiency is encountered (e.g., 0.18 -0.36% Thr), an almost simultaneous response (1-2 days) in hepatic bioenergetics and food intake changes seem to develop. It would be interesting to evaluate the exact kinetics of these processes to ascertain whether there is a cause-consequence link or whether they are triggered as independent, protective mechanisms. Although at the present moment we do not know the exact molecular mechanism responsible for the activity decline and changes in mitochondria number per cell, our laboratory is actively working to identify the signal transduction pathway involved in this effect. In this regard, the integrated stress response (ISR; Ref. 13 ), the pathway highly conserved from yeast to mammals that integrates signaling from multiple stress pathways including amino acid starvation, seems to be playing a major role. The ISR acts downstream of eIF2␣ phosphorylation (13, 24, 46 44 ). The reversible phosphorylation on Ser51 of eIF2␣ by any of these kinases inhibits initiation of mRNA translation. Although global protein synthesis is inhibited, the translation of specific mRNAs such as ATF4 is strongly induced (46) . This transcription factor plays a crucial role for the adaptation to stresses by regulating the expression of many genes involved in metabolism and transport of amino acid among others (24) . Ongoing studies from our laboratory suggest that several nuclear-encoded genes for mitochondrial proteins are repressed, whereas others are induced by the Thr-deficient diets. The observed mtDNA depletion and changes in the electron transport chain could be explained by the specific repression and induction of genes that encode for proteins involved (directly or not) in mtDNA replication and maintenance and protein synthesis folding and targeting to mitochondria, respectively. One of the mechanisms that could trigger these events could be the increase in uncharged tRNAs ensuing from the Thr deficiency and subsequent activation of the GCN2; however, the fact that the concentrations of hepatic Thr (even under the most deficient diets) were well above the K m for the tRNA aminoacyl synthetases argues against the occurrence of this pathway. Instead, an adaptation to Thr deficiency was observed that involves the participation of several genes that attenuate the ISR, preventing an uncontrolled response to stress and its subsequent deleterious effects (Ross-Inta CM, Almendares A, Fujisawa Y, and Giulivi C, unpublished observations).
presence of 2.5 mM NAD ϩ (5), concentrations similar to those found in the mitochondrial matrix, 1.7 and 0.2 mM, for NAD ϩ and NADH, respectively (31, 51, 55).
